PURPOSE. To examine the thickness of the macular choroid and its associations in school children aged 6 to 18 years.
D evelopment of the enhanced depth imaging mode of spectral-domain optical coherence tomography (OCT) has made the visualization and measurement of the choroid in vivo feasible. 1, 2 Previous investigations have determined the thickness of the choroid in the macular region and have assessed relationships between choroidal thickness measurements and other ocular and systemic variables such as axial length and age. [3] [4] [5] Most of these studies were performed on adults, whereas children and teenagers have only rarely been examined, and if, then mostly in relatively small study populations. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The study by Park and Oh, 6 in which the choroidal thickness profiles were assessed in 48 healthy children, revealed a mean subfoveal choroidal thickness (SFCT) of 348 6 83 lm. In the investigation by Read and colleagues 7 on 194 children with an age of 4 to 12 years and a spherical equivalent refractive error ranging between þ1. 25 and À0.50 diopters, mean SFCT was 330 6 65 lm (range, 189-538 lm). Interestingly, SFCT increased significantly (P ¼ 0.04) with older age from 312 6 62 lm in the 4-to 6-year-old age group to 337 6 65 lm in the 7-to 9-year-olds to 341 6 61 lm in the 10-to 12-year-olds. In another study by Read and associates 8 on 104 children with an age of 10 to 15 years, thicker SFCT was significantly associated with more hyperopic refractive error (correlation coefficient r: 0.39; P < 0.001) and older age (r: 0.21; P ¼ 0.02). Mapelli and coworkers 9 analyzed choroidal volume variations in 52 healthy children with an age between 2 and 17 years and a mean axial length of 22.8 6 0.98 mm. Larger total macular choroidal volume (mean: 0.55 6 1.82 mm 3 ) and foveal choroidal volume (mean: 0.26 6 0.07 mm 3 ) increased significantly with shorter axial length and older age. Choroidal volume increased by 0.21 mm 3 or 2.5% for every year of age, and decreased by 1.0 mm 3 or 11.7% for every millimeter of axial Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783 length. 9 Ruiz-Moreno et al. 10 examined 83 eyes from 43 children with an age of less than 18 years and 75 eyes from 50 healthy adult volunteers. They did not find a significant (P ¼ 0.19) difference in mean SFCT between the children (313 6 65 lm) and adults (306 6 103 lm). 10 Bidaut-Garnier and colleagues 11 measured in 174 children (aged 3.5-14.9 years) a mean SFCT of 343 6 75 lm, which increased with older age and shorter axial length. Zengin and coworkers 12 evaluated 160 patients with an age between 4 and 23 years and reported on a mean SFCT of 308 6 48 lm, ranging from 206 to 410 lm. Thicker SFCT was associated with older age and shorter axial length. 12 The Copenhagen Child Cohort 2000 Eye Study included 1323 healthy 11-and 12-year-old children and revealed a mean SFCT of 369 6 81 lm in girls and 348 6 72 lm in boys. 13 Longer axial length was associated with a thinner subfoveal choroid after adjusting for age and sex. There was no difference in choroidal thickness between sexes (P ¼ 0.14) after adjusting for age and axial length. 13 Most of the previous studies, except for the Copenhagen Child Cohort Study, included relatively few children and they were usually not population-based. Knowledge about the choroidal thickness in children is important to obtain information about the normal growth and enlargement of the eye in children, and it is helpful for the diagnosis of macular and choroidal diseases, as the assessment of the macular choroidal thickness has become an integral part in the assessment of macular disorders. Some maculopathies, such as polypoidal choroidal vasculopathy, central serous chorioretinopathy, and Vogt-Koyanaga-Harada disease, are associated with an abnormally thick choroid, other macular diseases such as myopic maculopathy are related with an abnormally thin choroid, and AMD (except for geographic atrophy) is not correlated with an abnormal choroidal thickness. [16] [17] [18] [19] [20] [21] We therefore conducted this study to measure the choroidal thickness in children in a population-based setting.
METHODS
Our investigation was of the Shandong Children Eye Study, which was a school-based cross-sectional study among children in the province of Shandong in Eastern China. The ethics committee of Shandong University of Traditional Medicine approved the study design, and written consent was obtained from the parents of the children participating in the study. The age of the children ranged between 6 and 18 years. Children with strabismus, amblyopia, any systemic diseases, ocular surgery or injury, and history of using contact lenses and chronic drugs, such as analgesics, decongestants, and antihistamines, were excluded from our investigation.
All children underwent a series of ocular examinations, including measurement of uncorrected visual acuity, bestcorrected visual acuity, keratometry, refractometry without cycloplegia and under cycloplegia (auto-refractometer KR-8900; Topcon Co., Tokyo, Japan), slit examination of the anterior and posterior ocular segments, and ocular biometry (IOL Master; Carl Zeiss Meditec, Dublin, CA, USA). Cycloplegia was obtained by instilling 1% cyclopentolate eye drops (Alcon, Fort Worth, TX, USA) three times into the conjunctival cul-desac in an interval of 10 minutes each. The refractive spherical equivalent was defined as the sum of the spherical refractive error plus half of the cylindrical refractive error. The study design has been described in detail previously. 22, 23 The retina and choroid were additionally examined by OCT (Spectralis; Heidelberg Engineering Co., Heidelberg, Germany). All OCT examinations were performed before cycloplegic drops were instilled and between 9 AM and 12 PM to reduce the potentially confounding influence of cycloplegia or of diurnal variations in choroidal thickness. 24 The values of the keratometric measurements and of the noncycloplegic refractive error were given into the system of the OCT device, which then automatically compensated for the axial magnification of the retinal images. For each OCT examination, a series of four radial OCT scan lines, centered on the fovea and each separated by 458 were captured through the enhanced depth imaging mode (Fig. 1 ). The automatic real-time eye tracking function of the instrument was adopted, and 100 B-scans per radial OCT image were averaged. The OCT examination of all participants was carried out by one skilled technician. Two experienced ophthalmologists who were masked to the ocular measurements of the participants analyzed the images by using the Heidelberg Eye Explorer software (v.5.3.3.0; Heidelberg Engineering Co.), and the measurement results of both examiners were averaged. If the measurement differed between the two examiners by more than 10 lm, the measurements had to be repeated until both examiners differed by less than 10 lm. Choroidal thickness was defined as the distance from the outer surface of the hyperreflective line referred to as Bruch's membrane/RPE complex to the hyperreflective line of the inner sclera border. The Bruch's membrane/RPE complex line was automatically produced by the software, whereas the line of the inner sclera border was marked manually. A circle centered on the fovea with a radius of 500 lm was made and the intersection points of the circle and the horizontal and vertical scan lines were obtained. The choroidal thickness at these locations was determined. The measurements obtained in only one randomly selected eye per individual were taken for further statistical analysis.
Inclusion criterion for the current study was an age of 6þ years and the availability of OCT images taken with the enhanced depth imaging mode. Age of 6þ years was an inclusion criterion, because it is difficult to obtain OCT images for children younger than 6 years. Statistical analysis was carried out using a commercially available statistical software package (SPSS for Windows, version 22.0; IBM-SPSS, Chicago, IL, USA). We calculated the mean values, which were expressed as mean 6 SE. In univariate analysis, we assessed associations between choroidal thickness measurements and other ocular or systemic parameters such as axial length, age, and sex. Eventually, we performed a multivariate regression analysis with choroidal thickness as the dependent parameter, and as independent variables all parameters that were significantly associated with choroidal thickness in the univariate analysis. 95% confidence intervals (CIs) were presented. All P values were 2-sided and were considered statistically significant when they were less than 0.05.
RESULTS
The study included 972 children (501 girls) with a mean age of 11.3 6 3.3 years (range, 6-18 years). The mean cycloplegic spherical equivalent of the right eyes was À1.41 6 2.60 diopters (range, À10.38 to þ14.25 diopters), and that of the left eyes was À1.27 6 2.63 diopters (range, À10.63 to þ14.13 diopters). Mean axial length of the right eyes and left eyes was 24.10 6 1.56 mm (range, 16.57-28.82 mm) and 24.08 6 1.33 mm (range, 16.45-28.23 mm), respectively. The group of children included into the study as compared with the remaining participants of the Shandong Children Eye Study with an age of 6þ years were significantly (P < 0.001) older (11.3 6 3.3 vs. 10.8 6 2.7 years), and due to the correlation between older age and development of axial myopia, the children of our study were significantly (P < 0.001) more myopic (À1.41 6 2.60 vs. 0.49 6 2.12 diopters) and had longer axial length (24.10 6 1.56 vs. 23.6 6 1.17 mm). Reason for the difference in age between the participants of the present study as compared with the other participants of the Shandong Children Eye Study was that it was more difficult to obtain OCT images in younger children than in older children.
Mean choroidal thickness in the subfoveal location was 283 6 67 lm (range, 113-507 lm) ( Fig. 2) , at the location 500 lm temporal of the foveola 290 6 67 lm (range, 118-506 lm), at the location 500 lm nasal of the foveola 268 6 67 lm (range, 111-501 lm), at the location 500 lm superior of the foveola 283 6 66 lm (range, 101-512 lm), and at the location 500 lm inferior of the foveola 281 6 66 lm (range, 120-503 lm) ( Table 1 ). The choroid was significantly (P < 0.001) the thickest at the location 500 lm temporal to the foveola, followed by the subfoveal region and the region 500 lm superior to the fovea, where the choroid was significantly (P < 0.001) thicker than in the region 500 lm nasal to the fovea. Choroidal thickness was thinnest (P < 0.001) at the location 500 lm nasal to the foveola (Table 1 ). This sequence of region with respect to the distribution of choroidal thickness was independent of age. In the group of teenagers aged 15þ years, choroidal thickness was thickest 500 lm temporal to the foveola (251 6 62 lm), followed by the region 500 lm superior to the foveola (245 6 61 lm) and the subfoveal region (244 6 62 lm), followed by the region 500 lm inferior to the foveola (242 6 63 lm), and finally the region 500 lm nasal to the foveola (236 6 61 lm).
In univariate analysis, thicker SFCT was significantly associated with the systemic parameters of younger age (P < 0.001; correlation coefficient r: À0.35) ( Fig. 3) , lower body mass index (P < 0.001; r: À0.16), shorter body height (P < 0.001; r: À0.30), lighter body weight (P < 0.001; r: À0.26), and lower diastolic blood pressure (P < 0.001; r: À0.15); and with the ocular parameters of shorter axial length (P < 0.001; r: À0.50) ( Fig. 4) , flatter anterior chamber depth (P < 0.001; r: À0.26), thicker lens thickness (P < 0.001; r: 0.31), shorter mean corneal curvature radius (P < 0.001; r: À0.13), more hyperopic refractive error (P < 0.001; r: 0.20), and better bestcorrected visual acuity (P < 0.001; r: 0.23). Similar relationships were found for the choroidal thickness measurement obtained at the four other measurement locations. Subfoveal choroidal thickness was not significantly associated with sex (P ¼ 0.56), level of paternal education (P ¼ 0.73) and of maternal education (P ¼ 0.82), central corneal thickness (P ¼ 0.82), corneal diameter (P ¼ 0.30), or IOP (P ¼ 0.23).
The multivariate analysis included SFCT as dependent variable and all parameters as independent variables that were significantly associated with SFCT in the univariate analysis. Due to reasons of collinearity, we first dropped body weight (variance inflation factors [VIF]: 85) and body height (VIF: 3.5) and refractive error (VIF: 4.1). We then dropped, step by step, all parameters that were no longer significantly associated with SFCT: diastolic blood pressure (P ¼ 0.97), body mass index (P ¼ 0.59), best-corrected visual acuity (P ¼ 0.40), and age (P ¼ 0.13). In the final mode, thicker SFCT was associated (overall correlation coefficient r: 0.52) with shorter axial length (P < 0.001; standardized correlation coefficient b: À0.58; nonstandardized correlation coefficient B: 30; 95% CI: À35 to À26), deeper anterior chamber depth (P < 0.001; b: 0.19; B: 45; 95% CI: 22-68), thicker lens thickness (P ¼ 0.002; b: 0.13; B: 48; 95% CI: 17-79), and longer anterior corneal curvature radius (P ¼ 0.02; b: 0.09; B: 24; 95% CI: 3.9-43.0). If sex was added to the list of independent variables, anterior corneal curvature radius was dropped (P ¼ 0.07), and thicker SFCT was significantly (overall correlation coefficient r: 0.54) associated with shorter axial length (P < 0.001; b: À0.50), deeper anterior chamber depth (P ¼ 0.004; b: 0.13), thicker lens thickness (P ¼ 0.001; b: 0.14), male sex (P ¼ 0.04; b: À0.07), and marginally significantly associated with younger age (P ¼ 0.051; b: À0.08) ( Table 2 ). If best-corrected visual acuity was added to the model, it was not significantly (P ¼ 0.51; b: 0.03) associated with SFCT. If in view of their interdependencies, all biometric parameters except for axial length were dropped, thicker SFCT was associated with shorter axial length (P < 0.001; b: À0.48; B: À23.7; 95% CI: À27.2 to À20.3), male sex (P ¼ 0.006; b: À0.08; B: À10.7; 95% CI: À18.3 to À3.11) and younger age (P ¼ 0.04; b: À0.07; B: À1.46; 95% CI: À2.85 to À0.07).
For the choroidal thickness measurements obtained in the four meridians at a distance of 500 lm to the foveola, similar relationships as for SFCT were detected.
DISCUSSION
In our school-based study on SFCT in children and teenagers in rural and urban East China, the choroid was significantly the thickest at 500 lm temporal to the foveola, followed by the subfoveal region and the region 500 lm inferior to the foveola. The choroid was thinnest in the nasal perifoveal region. This regional distribution of the macular choroidal thickness was independent of age. In multivariate analysis, thicker SFCT (mean: 283 6 67 lm; range, 113-507 lm) was associated with shorter axial length (P < 0.001; b: À0.50), deeper anterior chamber depth (P ¼ 0.004; b: 0.13), thicker lens thickness (P ¼ 0.001; b: 0.14), and male sex (P ¼ 0.04; b: À0.07), and marginally significantly associated with younger age (P ¼ 0.051; b: À0.08). If all biometric parameters except for axial length were dropped, thicker SFCT was associated with shorter axial length (P < 0.001; b: À0.48), male sex (P ¼ 0.006; b: À0.08), and younger age (P ¼ 0.04; b: À0.07). It was not significantly (P ¼ 0.51) associated with best-corrected visual acuity.
The results found in our study can be compared with the findings obtained in previous investigations. In our study, the choroid was thickest temporal to the foveola, and it was thinnest in the nasal parafoveal region. Similar observations were made in previous studies on children. 6, 7, 10 In the study by Read et al., 7 the 4-to 6-year-old children showed the thickest choroid (322 6 60 lm) 1.5 mm superior to the foveal center. For 7-to 9-year-olds, the mean thickest choroid (344 6 63 lm) was located in a superior-temporal location 0.8 mm from the foveal center. The thickest choroid of the 10-to 12-year-olds (350 6 58 lm) was located 0.9 mm temporal to the foveal center. In the study by Sanchez-Cano and colleagues 15 on young adults, choroidal thickness was thickest in the region 1.5 mm superior to the foveola, followed by the temporal region and the subfoveal region. In another study by Read et al. 8 on children, choroidal thickness was significantly the thickest (346 lm) in the superior region and superior-temporal (341 lm) location at a distance of 1 to 3 mm from the foveal center, and it was thinnest in the nasal region and inferior-nasal (306 lm) area. Interestingly, in adults the choroid was thickest in the subfoveal region, usually followed by the temporal region and superior region, and it was thinnest in the nasal perifoveal region. 3, 4, 25 If the regional distribution of choroidal thickness is compared between the studies on children and the studies on adults, one may infer that the fovea of the retina in spatial relationship to the choroid may move into the temporal direction or that choroidal thickness locally adapts to the eventual location of the fovea in adults.
The mean thickness of the subfoveal choroid in our study was 283 6 67 lm and ranged between 113 lm and 507 lm (Fig. 2) . These values were partially different from those obtained in other investigations. In a study on 48 Korean children aged 4 to 10 years, SFCT was 348 lm, and it was 342 lm in 174 French children aged 3.5 to 15 years. 6, 11 These values were higher than those for our study population. In a study on 194 Australian children aged 4 to 12 years, mean SFCT was 330 lm, and in the Copenhagen Child Cohort 2000 Eye Study, mean SFCT was 369 lm in girls and 348 lm in boys aged 11 to 12 years. 7, 13 These value were also thicker than in our study population. The most likely reason for the differences in SFCT between the various study populations may be differ-ences in age, and particularly in axial length, between the study samples.
Subfoveal choroidal thickness ranged in our study population between 113 and 507 lm (Fig. 2) . In the Beijing Eye Study on an adult population, a considerably larger range between a minimum of 8 lm and a maximum of 854 lm in SFCT was observed. 5 The wide range in SFCT may generally be due to the dependency of SFCT on various factors, such as axial length, anterior chamber depth, lens thickness, sex, and age. It indicates that a single SFCT value may clinically not be very helpful in the diagnosis of maculopathies if it cannot be adjusted for parameters that physiologically influence SFCT.
In most studies on choroidal thickness, including our investigation, choroidal thickness decreased with longer axial length. [2] [3] [4] [5] 7, 12 In our study population of children, SFCT decreased by approximately 25 lm per millimeter increase in axial length ( Table 2 ). In the study by Li and colleagues, 26 SFCT of young adults decreased by 58 lm for each millimeter increase in axial length. In a large population-based study on adults aged 50þ years, SFCT decreased by approximately 45 lm per millimeter increase in axial length. 5 The SFCT also decreased with older age, with a decrease of approximately 1.5 to 1.0 lm per year increase in age in our population of children ( Fig. 3) . Similar observations were made in other studies on children by Read and colleagues. 7, 8 In contrast, in the study by Bidaut-Garnier et al., 11 choroidal thickness increased significantly from early childhood to adolescence. Also, Zengin and coworkers 12 described that 16to 23-year-old participants had thicker SFCT compared with the younger ones. Other studies also reported that choroidal volume increased with age in young children. 9, 14 In a population-based cohort study of 1323 healthy 11-and 12year-old children, a positive association of pubertal development with choroidal thickness in girls was revealed. 13 In other investigations on children, choroidal thickness decreased with older age. 6, 10 In the Beijing Eye Study, SFCT decreased by 4 lm per year increase in age beyond an age of 50 years after adjusting for axial length and other parameters. 5 An age-related decline in SFCT in adults has also been reported by Margolis 29 In the interpretation of the relationship between age and SFCT in our study population, one has to take into account that the association was only marginally statistically significant (P ¼ 0.051) and relatively weak, with a standardized correlation coefficient b of À0.08. The comparison of the age-related decline rates in SFCT between the children of our study and adults of various other investigations makes one infer that the relationship between age and SFCT may be curvilinear, with a slight decrease in SFCT in the early years of life, and a steeper decrease in SFCT later in life. It has remained unclear so far at which cutoff value of age the steeper age-related decline in SFCT starts. The association between thicker choroid and male sex also has been reported for other study populations. Li et al. 26 reported that choroidal thickness was 18% higher in men than in women in young adults. Barteselli et al. 30 measured the choroidal volume and reported that men had significantly higher choroidal volume than women. As the relationship between age and SFCT, the association between sex and SFCT in our study population was relatively weak with a standardized correlation coefficient b of À0.07 and a P value of 0.04 ( Table 2) . One may therefore beware of an overinterpretation of the association.
The clinical importance of SFCT has not yet been fully explored. Recent studies have suggested that lower bestcorrected visual acuity was associated with a thinner choroid (also called leptochoroid), in particular with a subfoveal choroid thinner than 30 lm. 31, 32 In the children and teenager population of our study, choroidal thickness was not related with best-corrected visual acuity in the multivariate analysis. It may suggest that the association between a leptochoroid and decreased visual acuity may develop in adult life. A potential reason explaining the discrepancy between children and adults may be that children, as also our study population, rarely are extremely high axially myopic and also that an age-related loss of retinal photoreceptors and RPE cells may not have started or may not have markedly effected yet the total count of these cells in the retina of children. 33, 34 Potential limitations of our study need to be described. First, our study did not include children with an age younger than 6 years. Previous histomorphometric studies have shown that up to the end of the second or third year of life, the volumes of the sclera and choroid increase with older age, whereas after the age of approximately 2 to 3 years, choroidal and scleral volumes remain mostly constant. 35 At the same time, choroidal and scleral thickness decrease with older age, mostly due to the age-related increase in axial length. 35 The results of our study are therefore valid only for children with an age of 6 or more years. Second, the study included Chinese children, so that it has remained open whether the results of our study can be fully transferred to children with another ethnicity. Third, we measured only the total thickness of the choroid, not taking into account the various layers of the choroid nor did we assess the density of the choriocapillaris or what could have been possible if the new technology of OCT-based angiography had been applied. 36 In conclusion, as in adults, thicker SFCT in children and teenagers was markedly associated with shorter axial length, and to a lesser degree with male sex and older age. As in adults, increasing axial myopia in teenagers is associated with choroidal thinning and development of a leptochoroid. In contrast to adults, choroidal thinning was not associated with a decrease in best-corrected visual acuity.
